Endogenous activities of phospholipases A and C in Ureaplasma urealyticum were assayed in cellular fractions of exponential-phase cells. Enzymatic studies indicated that ATPase activity was localized in the plasma membrane fraction and NADH and NADPH dehydrogenase activities were localized in the cytosol fraction. Studies with purified ureaplasma membranes demonstrated that, of three serovars tested, endogenous phospholipase A1, A2, and C activities were localized in the plasma membrane. Very low levels of activity were observed in the cytosol fractions. Phospholipase A2 activity in the plasma membrane was 3-to 5-fold higher than the activity in the lysates and 60-to 300-fold higher than the activity of phospholipase A1. Phospholipase C was localized mainly in the plasma membrane, with 20% found in the cytosol fraction. The levels of activity were comparable among the three serovars. There was a significantly lower level of activity in cells from the stationary growth phase than in the exponential phase. Significant differences were observed in the phospholipase A activities among the U. urealyticum serovars 3, 4, and 8. Phospholipase A2 activity was twofold higher in serovar 8 membranes, and phospholipase A1 activity was twofold higher in serovar 3 membranes. These results demonstrate that endogenous activities of phospholipase A and C are localized primarily in the plasma membrane fraction of U. urealyticum. The specific activities in the membranes of the phospholipases varied among the three serovars. Phospholipase enzymes may function as virulence factors in U. urealyticum and may vary among the serovars.
Ureaplasma urealyticum is associated with a variety of reproductive failures ranging from infertility, stillbirth, and premature delivery to fetal or neonatal lung disease in a subset of colonized patients (for a review, see reference 16). The ability of Ureaplasma diversum to cause infertility, spontaneous pregnancy loss, premature delivery, and lung disease is well documented by experimental infection in the bovine model (16) . Infection of the placenta leads to chorioamnionitis, with an increased risk for stillbirth and prematurity. One hypothesis in delineating the role of placental infection in premature delivery is that bacterial phospholipases may affect prostaglandin biosynthesis and thus indirectly cause premature labor (2) . The activation of microbial phospholipases could hydrolyze placental or membrane phospholipids to produce free arachidonic acid which could stimulate a variety of eicosinoid biosynthetic pathways, leading to prematurity or stillbirth.
Phospholipases are important catabolic enzymes in phospholipid metabolism, but the mechanisms of their action in the infectious process are not well understood (5) . Phospholipases A1 and A2 hydrolyze phospholipids to produce lysophospholipid and fatty acids. Phospholipase C is a phosphoryl hydrolase which liberates 1.2-diglyceride and phosphorylester (5, 28) . In addition to its function in phospholipid turnover, phospholipase A2 is involved in the resynthesis of phospholipids via deacylation-reacylation (9) and in the production of prostaglandin precursors (28) . Phospholipase C activity has been reported as secreted phosphorylhydrolase in many bacterial species (1, 5) . The secretion of phospholipase C may play a role in the physiological effects of infection, but the function of phospholi-* Corresponding author.
pases as secreted toxins in perinatal infection is not yet delineated.
Mollicutes are unique microorganisms with no cell walls and limited metabolic capabilities. They adhere to and colonize epithelial surfaces in the respiratory and urogenital tracts by attachment to host plasma membranes (21) . They may affect host cells by the production of toxic metabolites such as 02 and H202 (21) , or the mycoplasma membrane enzymes may interact directly with required substrates present in the host cell membrane (11) .
We have reported the presence of phospholipases A1, A2, and C in U. urealyticum and that phospholipase A2 activity varies among the serovars studied (6) . It is, therefore, possible that the phospholipases of U. urealyticum, Mycoplasma hominis (23) , and other species (3, 22, 29) function as virulence factors in infection as has been proposed for bacteria (2, 5) . In this study, we demonstrate that the ureaplasma phospholipases are localized in the membrane, an important factor in delineating the mechanism of pathogenesis.
MATERIALS AND METHODS
Materials. 1-Palmitoyl-2[2-'4C]oleoylphosphatidylcholine with a specific activity of 57 mCi/mmol, L-a-dipalmitoylphosphatidylcholine-[choline-methyl-3H] with a specific activity of 40.5 Ci/mmol, and L-a-[dipalmitoyl-1,2-14C]phosphatidylcholine with a specific activity of 112 mCi/mol were purchased from New England Nuclear (Boston, Mass.). Phospholipase A2 (from Naja naja venom), phospholipase C (from Clostridium welchii), and egg phosphatidylcholine were purchased from Sigma Chemical Co. (St. Louis, Mo.). The purity of substrates was checked by thin-layer chromatography in silica gel by using chloroform-methanol-water Organism and growth. U. urealyticum serovar 3 (strain 27), serovar 4 (strain 58), and serovar 8 (strain T960-CX3) were originally obtained from R. Purcell at the National Institutes of Health, Bethesda, Md., in 1967. As with other microorganisms, it is possible that certain U. urealyticum serovars may be more virulent than others. The most prevalent ureaplasma serovar in our locale is serovar 3 (17), yet, in antibody studies, U. urealyticum serovar 3 did not induce a significantly elevated antibody response in neonates with respiratory disease (18, 19) . Thus, serovar 3 was chosen as a possibly nonvirulent strain. U. urealyticum serovar 8 was associated with a case of fatal ureaplasma pneumonia in a neonate, even though the mother was also colonized with serovar 3 (18) . Elevated antibody responses to serovars 4, 7, and 8 were observed in neonates with respiratory disease (18, 19) . Serovar 4 was first reported as the most prevalent serovar in nongonococcal urethritis (25) and as the serovar which had the greatest inhibitory effect on the fertilization of hamster ova by human sperm exposed to U. urealyticum serovars (4 (6) . Stocks were stored at -70°C in polypropylene cryotubes (Nunc, GIBCO Canada, Burlington, Ontario, Canada).
To ensure that the phospholipase activities were measured in actively metabolizing organisms, standard growth curves for the specific pools of each of the three serovars were determined at 37°C by using 100-ml volumes of lean TS medium. Estimates of the incubation times to exponential and stationary growth phases were made on the basis of the observed growth curve as previously described (6) . Cultures were then inoculated at the same concentration and from the same pool and grown to exponential and stationary phases. Ureaplasma cells were harvested in late-exponential phase by centrifugation (35,000 x g for 45 min) at 15 h for serovar 8, 24 h for serovar 4, and 40 h for serovar 3 as predetermined. The ureaplasmas were harvested in the stationary phase at 28 h for serovar 8, 35 h for serovar 4, and 47 h for serovar 3. The pHs of the culture media were monitored, and the viability and titer of the cultures were determined at the time of harvest. The growth rates were reduced because of the lower concentrations of serum and yeast extract in lean TS medium. The use of lean medium enabled better demarcation between the exponential and stationary phases.
Preparation of membrane and cytosol fractions. The cell pellet was resuspended in 2 ml of 0.25 M NaCl and used immediately for the preparation of cellular fractions by osmotic lysis (6, 20) . The membrane fraction was washed three times consecutively in distilled water and resuspended in 1 ml of P buffer (20) . Membrane and cytosol fractions were stored at -70°C until assayed. The medium control was prepared by incubating uninoculated lean TS medium for 24 h, harvesting by centrifugation, and processing as described above for the ureaplasmas. Protein was determined by the method of Lowry et al. (12 (5) . Phosphorylcholine (Fig. 1, spot B from the radioactivities of experimental samples before calculation of total and specific enzymatic activities.
RESULTS
Characterization of the membrane and cytosol fractions. Cellular characteristics and purity of isolated plasma membranes from U. urealyticum were examined by negative stain, transmission electron microscopy, and enzymatic assays. The bilayered structure of plasma membrane ghosts was evident (Fig. 1) . ATPase and NADH and NADPH dehydrogenase activities of ureaplasma cellular fractions are presented in Table 1 . The relative specific activity of ATPase associated with the plasma membrane of the serovars, when compared with that of whole-cell lysates, varied between 1.2 and 9.1. No ATPase activity was detected in the cytosol fraction. However, both NADH and NADPH dehydrogenase activities were highest in the cytosol fraction. These results indicated that ATPase activity was localized primarily in the plasma membrane fraction of U. urealyticum, and NADH and NADPH dehydrogenase activities were localized mainly in the cytosol fraction. There also appear to be differences between the serovars in the levels of activity of these enzymes.
Phospholipase A activity in cellular fractions. Phospholipase A activity was assayed in lysates, plasma membrane, and cytosol fractions of ureaplasma cells. Phospholipase A1 was estimated by the amount of radioactivity in the liberated lysophospholipid. Of the radioactivity added, 85 to 90% was recovered as products and unreacted substrate after incuba- tion, extraction of reaction products, thin-layer chromatography, etc. Of the recovered radioactivity, only a minimal amount (1 to 2%) was associated with the glycerophosphorylcholine fraction. In the zero time control, about 1% of the added radioactivity from substrate was recovered in either fatty acid or lysophosphatidylcholine. These experiments demonstrate that phospholipase A1 activity is localized in the plasma membrane fraction of the three serovars examined (Table 2) . Very low activity of phospholipase A1 was observed in the cytosol fractions. Phospholipase A2 in ureaplasma lysates, plasma membrane, and cytosol fractions were assayed by using the same substrate labeled specifically in the fatty acid moiety in the sn-2 position only. The experiments demonstrated that A2 activity was confined to the plasma membrane fraction of the three ureaplasma serovars ( Table 3 ). The specific activity of the membrane fraction of serovar 8 was the highest. The A2 activities showed a three-to fivefold enrichment over the activity in the lysate. The cytosol fraction showed a low but detectable level of A2 activity in all three serovars. Phospholipase C activity in cellular fractions. The activity of phospholipase C was estimated as the amount of radioactivity liberated as phosphorylcholine by using the substrate specifically labeled in the choline moiety (choline-methyl- 3H) (Fig. 1) . Furthermore, no radioactivity was detected in the diglyceride, isolated in the lipid phase, which indicated that phospholipase C activity was present in the lysates. Experiments were done to determine the time course of hydrolysis and the effect of protein concentration, and the results showed that the hydrolytic action of the enzyme was linear up to 120 min of incubation and up to 100 mg of lysate protein. These experiments indicated that phospholipase C activity was localized predominantly in the plasma membrane fraction of U. urealyticum, with 20% in the cytosol fraction (Table 4) .
Phospholipase C activity in stationary-phase cells of U. urealyticum. The growth curve of U. urealyticum is typical of most mycoplasma species in that there is an exponential phase, a short stationary phase, and a rapid decline phase. To control for the stage of growth, experiments were carried out on the basis of carefully standardized growth curves for each serovar pool. If one hypothesized that the phospholipases were providing lipid metabolites to the growing organism, it was important to assay the cells at the stage of growth in which the enzymes were active. The specific activities of phospholipase C during the exponential and stationary phases of growth were therefore compared. As shown in Table 5 , there was a marked decline in specific activity of phospholipase C from the exponential phase (Table 4) to the stationary phase in all cellular fractions. The phospholipase C activity was again confined to the membrane fraction, although membrane degradation could have taken place by this stage of growth. The data therefore indicate that the phospholipases are most active during the exponential growth phase.
DISCUSSION
This study demonstrates that the activities of endogenous phospholipases A1, A2, and C in U. urealyticum lysates are localized primarily in the plasma membrane of exponentialphase cells. These findings are in general agreement with (29), and Mycoplasma mycoides (3). In M. hominis and A. laidlawii, the phospholipase C activity and lysophospholipase activity, respectively, were localized in the plasma membrane fractions. Transmission electron microscopy, negative staining, and enzyme assays indicated that the membrane ghosts prepared by our technique were of sufficient purity. The ureaplasma ghosts exhibited the typical bilayer membrane of Mollicutes species. Since Na+K+-ATPase has been generally recognized as a marker enzyme for the mycoplasma membrane (24) , enzymatic assays to check the purity of the membrane preparation were done. U. urealyticum had ATPase activity which was confined mainly to the plasma membrane fraction. Membrane-bound ATPases have been previously reported in A. laidlawii B (10) and in Mycoplasma gallisepticum (26) . NADH and NADPH dehydrogenase activities were found in U. urealyticum and were markedly elevated in the cytosol fractions. These observations are in agreement with studies showing these enzymes to be markers for the cytosol fraction. Thus, U. urealyticum appears to be comparable to other mycoplasmas in terms of localization of ATPase in the membrane. NADH and NADPH dehydrogenase activities are localized in the cytoplasm.
Specifically labeled substrates of phosphatidylcholine were used to directly assay for phospholipase A and C activities in cellular fractions of U. urealyticum. Since the hydrolysis of the substrate is influenced by physiochemical states (5, 27) and by the transition temperature of the lipid (14) , all assays were done with unsonicated liposomes of the substrate in the presence of Ca2" ions for phospholipase A and at near-transition temperature (37°C). Thus, interpretation of enzyme activity is subject to these limitations.
The specific activity of phospholipase A1 was localized in the plasma membrane of exponential-phase cells of the three serovars. The enrichment factor of the activity in the membrane in comparison with that of the lysate varied from 1.2 in serovar 4 to about 9 in serovars 3 and 8. These values may reflect the purity of the preparation of the plasma membrane fraction or basic differences between the serovars. The very VOL. 29, 1991 on September 20, 2017 by guest http://jcm.asm.org/ Downloaded from low activities of phospholipases A1 and A2 in the cytosol indicated that these enzymes were not liberated during preparation of the plasma membranes.
The specific activity of phospholipase A2 was also found to be localized exclusively in the plasma membrane of exponential-phase cells in the three serovars. The enrichment factors of activity in the membrane compared to that in the cell lysate of the three serovars were similar, ranging from 3.1 to 4.8. However, the ratio of phospholipase A2 activity to phospholipase A1 activity in the membrane was significantly higher and varied from 69:1 in serovar 3 to 179:1 in serovar 4 and to 317:1 in serovar 8. Since the isolated membrane protein is only about 25% of the total cell lysate protein (unpublished observations), these observations of high specific activity of phospholipases in the membrane, greater than that in the whole-cell lysates, support the concept that these enzymes are localized in the plasma membrane of U. urealyticum.
The specific activity of phospholipase C was also elevated in the plasma membrane in comparison with its activity in the whole-cell lysate. The enrichment factor of activity in the membrane over that of the lysates is about 2. This suggests that phospholipase C is membrane bound in U. urealyticum, which differs from the case in bacteria, where phospholipase C is secreted into the culture medium (1, 5) . Since the cytosol fraction has phospholipase C activity, it may be that the enzyme was loosely bound to the plasma membrane or distributed through the membrane. Thus, in processing, a certain amount of activity was recovered in the cytosol fraction because of a difference in stereochemistry within the ureaplasma membrane. These results are in contrast to the localization studies of phospholipase C activity in M. hominis, where the enzyme has been found exclusively in the plasma membrane (23) . This may be a reflection of a difference in lipid metabolism between the ureaplasmas and other Mycoplasma species. It has been proposed that lipids may differ in U. urealyticum to maintain membrane function over a wide pH range (pH 5.0 to 9.0). Ureaplasmas are reported to differ from other mollicutes in a number of enzyme systems (15) . This study also demonstrates differences among the three serovars in the levels of activity for ATPase and NADH and NADPH dehydrogenase.
The decline in phospholipase C activity in the stationary phase may reflect a general reduction in phospholipid turnover as the cell metabolism decreases. In aging Mycoplasma capricolum cultures, there was a decrease in the phospholipid-to-protein ratio as cells moved from the exponential to the stationary phase (8) . These observations emphasize that, for comparisons between Mollicutes species and serovars, enzyme assays should be done at the same stage of the growth cycle.
The phospholipase enzymes of U. urealyticum may be important as virulence factors in pathogenesis. Mycoplasmas adhere to host cells, and their enzymes can interact with the cell membrane (11) . The utilization of cell membrane phospholipids such as phosphatidylcholine for enzyme substrates and the production of metabolites such as fatty acids (arachidonic acid) and lysophospholipids may be significant in delineating the pathogenic effects of ureaplasmas. By these mechanisms, the ureaplasmas could exert an effect on host cell biosynthesis, membrane function, or immune function. Thus, ureaplasma phospholipases may act as virulence factors in infection of fetal membranes, the placenta, and neonatal lungs. Variation in levels of specific activity or unique enzyme characteristics may account for differences in virulence among the ureaplasma serovars.
